[1] The most important center of atmospheric convection associated with the Indian summer monsoon is located in the Bay of Bengal. This tendency was enhanced during the 1997 Indian Ocean Dipole (IOD) event and cool SST anomalies due to upwelling in the east were restricted to the south of about 5°N in the bay. However, sea surface height anomalies associated with the upwelling propagated all the way to the north bay. Using XBT data collected in the bay, and a high resolution ocean general circulation model simulation, we propose that the permanent, low-salinity, highly stratified, near-surface pool in the bay prevented the IOD-related upwelling from influencing the SST. The strong near-surface stratification in the bay cannot be broken down by the observed winds there, therefore it ensures that internal ocean dynamics cannot have an impact on SST. As a result, atmospheric convection over the bay may be decoupled from ocean dynamics.
Introduction
[2] Bay of Bengal is known as one of locations of the most intensive deep convection and precipitation in the tropical oceans during the months of July and August, which are the two most active months of the Indian summer monsoon [Webster, 1995] . It is known that to sustain such convection SST has to exceed a critical threshold of about 28°C [Gadgil et al., 1984; Graham and Barnett, 1987] . The SST in the bay remains above the threshold all the time during the Indian summer monsoon and hence plays a crucial role in maintaining the monsoon precipitation over the bay and the surrounding land. In view of the importance of the SST in the convection, it is desirable to determine the factors that influence evolution of the SST in the bay. One important question in this regard is, how the internal ocean dynamics influences the SST?
[3] A coupled ocean atmosphere phenomenon known as Indian Ocean Dipole (IOD) developed during 1997 summer and lasted until the year end [Saji et al., 1999; Webster et al., 1999] in the tropical Indian Ocean. During this event, upwelling coastal Kelvin waves excited at the eastern boundary propagated northward along the periphery of the Bay of Bengal in one branch and southward along the Sumatran coast in another branch (see top row panels in Figure 1 ). The upwelling led to cool SST anomalies along the coast of Sumatra (second row of Figure 1 ), and large-scale atmospheric convection was suppressed there, leading to positive OLR anomalies (bottom row, Figure 1 ).
[4] An intriguing aspect is that the cool SST anomalies were restricted to south of about 5°N in the bay though the upwelling coastal Kelvin waves propagated all the way into the northern bay. As a result, positive OLR anomalies were also restricted to the south of 5°N. No reduction of convection over the bay was noticed. In fact, convection was higher than normal in September and November of 1997 over the bay, as can be seen in Figure 1 .
[5] What prevented the upwelling-induced cooling of SST from spreading to the northern part of the bay? This is the question we address using sub-surface temperatures and model simulation. To answer this is important because any factor that causes change in deep atmospheric convection over the bay can have a significant impact on precipitation associated with the Indian summer monsoon.
Subsurface Temperature Field in XBT Data and in the OGCM Simulation
[6] The XBT lines available in the Bay of Bengal during the IOD are IX11/14 (Chennai, India to Andaman Islands/ Singapore) and IX10 (Sri Lanka to Sumatra). Figure 2 gives temperature anomaly field along these two lines together with data from the line IX1 (Freemantle to Java). The figure shows that subsurface cool anomalies developed in all the three sections during the IOD. Hence, unlike the absence of cool SST anomalies in the bay, subsurface cool temperature anomalies were present in the bay.
[7] How widespread was the subsurface cooling? Due to paucity of data, we cannot address this question using observations alone. We have therefore addressed it by complementing the observations with data generated in a high resolution model of the tropical Indian Ocean (30°E-120°E and 35°S -24°N) based on the Modular Ocean Model ver 2.0 [Pacanowski, 1996] . The model was run for the period 1982-98 with the following forcing: (1) FSU wind stress [Legler et al., 1989] ; (2) NCEP/NCAR heat fluxes [Kalnay et al., 1996] with SST relaxed to monthly mean values of Reynolds and Smith [1994] ; (3)surface salinity relaxed to monthly mean values given in the climatology of . More details on the model configuration are given in Rao et al. [2002] .
[8] Our confidence in the model to simulate subsurface temperature anomalies correctly is based on the ability of the model to simulate the observed anomalies in Sections IX1, IX10 and IX11/14. In Figure 3 we show simulated anomalies for the same sections for which observed anomalies are given in Figure 2 .
[9] In view of the good agreement between the fields shown in these figures, we have used the model data to look at the subsurface temperature anomalies in the northern Indian basin.
[10] It is observed from model temperature anomalies at 82.5 m that an upwelling coastal Kelvin wave propagated along the entire eastern boundary of the Indian ocean, both in the Bay of Bengal and along the islands of Indonesia south of the equator (not shown). The presence of this wave is consistent with the SSH data in Figure 1 . We therefore conclude that cool temperature anomalies were present in the bay at subsurface (80 m), but they were not present at the surface.
Causes for the Absence of Cool SST Anomalies in the Bay Of Bengal
[11] In the tropical ocean, shoaling of isotherms at subsurface levels can lead to cooling of SST due to wind-induced mixing of near-surface waters. For such a mechanism to manifest itself, the winds must be strong enough to break down, at least partially, the near-surface stratification (or, thermocline must surface). Stratification and winds observed off Sumatra are such that subsurface shoaling of isotherms does lead to SST cooling. SSTs in the Bay of Figure 1 . Evolution of Topex/Poseidon sea surface height anomalies (cm) (top row), Reynolds sea surface temperature anomalies (°C) (middle row) and NCEP outgoing longwave radiation anomalies (watts.m À2 ) (bottom row) during September 1997 (first column), November 1997 (middle column) and January 1998 (right column). XBT lines (in pink) whose temperature data are utilized in the present study are also overlaid on the top-left panel. Base period for Topex/Poseidon SSH anomalies is 1993-1999 monthly means and for other data sets base period is 1982 -1998 monthly means. X -2 Bengal, particularly in the north, do not exhibit any cooling because the near-surface stratification is too strong for the winds prevailing there to break down. This remarkable feature of the bay can be appreciated from Figure 4 .
[12] As seen from the Figure 4a , near-surface stratification in the bay remains consistently larger than that found over most of the regions of the North Indian Ocean. This is because of the large freshwater influx that the Bay of Bengal experiences during the Indian Summer monsoon from precipitation and river runoff [Shetye et al., 1991; Shetye et al., 1993] . The freshwater influx leads to formation of an approximately 100 m thick low-salinity layer and this results in an increase of vertical salinity gradient by about 3 ppt from surface to 100m. The influx of fresh water during the 1997 IOD is expected to have been marginally higher than normal because atmospheric convective activity was higher over the bay during the event (Figure 1) [Ashok et al., 2001] . Hence the fresh water-induced stratification is expected to have been marginally higher.
[13] A measure of the ability of the wind field to mix the near-surface region of the ocean is u* 3 where u* ¼ ffiffiffiffiffiffiffi t=r p (see [Denman, 1973] ). A measure of the depth at which wind generated turbulent kinetic energy (u* 3 ) equals the work required to mix the surface buoyancy forcing is the Monin-Obukhov length (L) = Àu* 3 /k B o where B o is the surface buoyancy forcing and k is van-Karman constant (0.42). Figure 4 shows how u* 3 and L normally vary during July -November, the peak months of an IOD event. One of the pecularities of the Bay is presence of strong buoyancy flux in the form of freshwater influx and absence of winds strong enough to breakdown the stratification that forms due to the flux. The net result of these twin factors is to leave the bay warmer than most of the other parts of the Indian Ocean [Shenoi et al., 2002] . What we have shown here is that the near surface stratification prevents the subsurface cooling from influencing the SST even during an intense IOD event such as the one in 1997. During this event, wind stress over the bay was somewhat higher, as seen from the second panel in Figure 4b . Nonetheless the field of u* 3 in the bay can be expected to mix only the top 20-40m (Figure 4a) . Hence, the subsurface cooling at a depth of 75m could not have an impact on the SST (Figure 2) . As a result the subsurface cooling could not influence the SST even during the most intense anomalous event of IOD recorded sofar.
Discussion
[14] Our main conclusion is that the permanent highly stratified near-surface layer found in the Bay of Bengal, together with low magnitude of the winds observed there, would always prevent sub-surface shoaling of the isotherms, and hence internal dynamics of the ocean, from having a significant impact on SST anomalies. SSH serves as an indicator of internal dynamics of the ocean. Using SSH anomalies derived from T/P altimeter and SST anomalies [Reynolds and Smith, 1994] for the period 1993-1999 we examined the correlation between them. The correlation coefficient is shown in Figure 5 . Over the Bay of Bengal it is smaller than that expected at 99% confidence level. The correlation is significant off Sumatra and over the belt 50-80°E and 5-15°S, the regions known to exhibit SST variability that is linked to ocean internal dynamics associated with the IOD [Rao et al., 2002] . No such link is apparent over the Bay of Bengal.
[15] SST anomalies act as intermediaries in ocean-atmosphere coupling. Decoupling of SST anomalies from internal dynamics of the ocean would essentially lead to decoupling of the atmosphere from oceanic internal modes. The lowsalinity cap in the Bay of Bengal, due to both the precip- ) in the upper 50 m (top pannel) and Monin-Obukhov length (m) (bottom pannel) for July (left) September (middle) and November (right) of mean annual cycle. Note that the colour scales are not at regular intervals. Density for the computations is taken from climatology of and . Wind stress is taken from climatology of Da Silva et al. [1994] . itation and the river discharge, therefore decouples the atmospheric conditions above the bay from internal dynamics of the bay and the Indian Ocean. This is an important conclusion because the bay forms the location where the most intese atmospheric convection associated with the Indian summer monsoon, hence precipitation, occurs.
